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Reverse loading from compression to tension was performed on a rolled AZ31 
magnesium alloy sheet to systematically study the effects of twinning and detwinning 
on the stress and strain behaviors after stress reversal. A crystal plasticity 
finite-element simulation was also conducted to study the underlying deformation 
mechanisms. This paper consists of the following three findings. (1) A sigmoidal curve 
occurred irrespective of compressive strain, while the sigmoidal curve became less 
pronounced as the compressive strain increased. The simulation results showed that 
the shift from detwinning-dominated to slip-dominated deformation became more 
gradual as the compressive strain increased; thus, the sigmoidal curve became less 
pronounced. (2) The yield stress after stress reversal increased when the sheet was 
annealed prior to reverse loading. The simulation results suggested that one of the 
mechanisms was that the residual stresses generated during compression acted as back 
stresses to detwinning activity; thus, the yield stress was increased by removing the 
residual stresses by annealing. (3) The Lankford value after stress reversal was 
relatively small and further decreased during the first work-hardening stage, whereas 
it increased during the second stage. The simulation results indicated that the 
thickness strain was composed of both slip and detwinning activities in the first stage, 
while only slip activity contributed toward the thickness strain in the second stage, 
which resulted in the difference in the evolution of the Lankford value between the first 
and second stages.  
 
1. Introduction 
Magnesium alloy sheets have the potential to expedite the lightening of vehicles 
because of their high specific strength and low density. Mg alloy sheets usually adopt a 
hexagonal close-packed (hcp) structure, whose critical resolved shear stresses (CRSSes) 
differ depending on the slip plane. Moreover, deformation twinning with polar character 
is easily activated. These anisotropies in the crystal scale eventually yield characteristic 
macroscopic deformation, including asymmetry between tension and compression [1-3], 
strain-path dependency [4-6], and low formability at room temperature [7,8]. In 
addition, characteristic deformation is further emphasized by the basal texture 
developed in rolled sheets that are generally used as structural components. These 
characteristic deformation behaviors complicate the forming of Mg alloy sheets, 
hindering their application to structural components. Therefore, over the past decade, 
many studies have been reported in an attempt to comprehensively understand the 
underlying mechanisms of deformation behaviors and to expand the application of Mg 
alloy sheets [1-10]. 
It has been established that twinning is reversible when it is subjected to reverse 
loading, so-called detwinning, and that detwinning and twinning both play critical roles 
in the plastic deformation of Mg alloy sheets. For example, a sigmoidal stress-strain 
curve appears when rolled Mg alloy sheets with strong basal texture experience reverse 
loading, going from compression to tension. This behavior has been studied both 
experimentally [1,2,11] and theoretically [6,12,13], and it has been established that 
detwinning is primarily responsible for this behavior. Detwinning activity is dominant 
in the initial tension stage (detwinning-dominated deformation), but after detwinning 
activity decreases, slip activities are dominant in the latter stage (slip-dominated 
deformation). A similar curve is observed in cast Mg alloy sheets with nearly random 
crystal orientations [14]. Recently, Hama et al. [15] reported that the sigmoidal curve 
became less pronounced as the compressive strain prior to stress reversal increased. 
Although the mechanism of this behavior was briefly discussed [15, 16], it is not 
understood in detail. 
 It is well-known that the yield stress in tension following compression is quite small, 
due to a strong Bauschinger effect. Usually, detwinning can be activated under a lower 
stress than twinning because the nucleation of twins is not required during detwinning 
[17], and a back stress can assist in its activation [18-20]. For instance, Wu et al. [18] 
measured the internal strain evolution during compression followed by tension using in 
situ neutron diffraction and showed that the sign of the internal stress in the twinned 
region changed upon unloading, assisting detwinning activity. Consistent with these 
results, Park et al. [19] reported that detwinning activity in the subsequent tension was 
retarded by annealing the sample after compression. Similar results were also reported 
in multiple studies by Xin et al. [21, 22]. Cui et al. [23] recently discussed the effect of 
back stress on detwinning activity in detail. However, this discussion was based on a 
rather a simple stress analysis. Thus, the detailed role of back stress is not well 
understood and its underlying mechanisms remain to be conclusively determined. 
Strain behavior is also affected by twinning. Based on the Schmid factor, Brown et 
al. [24] estimated that twinning accounted for 61% of the plastic deformation in the 
initial stage of in-plane compression of rolled AZ31 Mg alloy plates. Chen et al. [25] 
recently performed a similar analysis and estimated that twinning constituted 
approximately 80% of the plastic deformation during compression along the extruded 
direction of an extruded Mg alloy. It was hypothesized that twinning would primarily 
affect the thickness strain in rolled Mg alloy sheets because of its strong basal texture. 
Steglich et al. [26] measured the evolution of the Lankford value of a rolled Mg alloy 
sheet and observed that it was significantly smaller under compression than under 
tension. This was presumably because of larger twinning activity under compression. 
These results suggest that detwinning would also affect the thickness strain during 
reverse loading from compression to tension. More recently, Hama et al. [6] reported 
that the Lankford value under tension was significantly smaller in a pre-compressed 
sheet than that in a virgin sheet, consistent with the abovementioned hypothesis. If the 
small Lankford value in the pre-compressed sheet is due to detwinning activity, it is 
presumed that evolution of the Lankford value, i.e. the evolution of thickness strain, 
would be highly correlated with detwinning activity. However, the Lankford value was 
measured at a strain of only 10% in the previous study [6] and its detailed mechanism is 
not yet understood. As described above, although characteristic twinning and 
detwinning activities have been studied extensively [18, 19, 21, 22, 23, 27-29] with some 
investigations focused on the effects on mechanical properties [6, 20, 24-26, 30-32], the 
effects of twinning and detwinning on the macroscopic stress and strain behaviors have 
not been sufficiently examined. 
 Crystal plasticity models can correlate macroscopic deformation with mesoscopic 
deformation at the grain level and have been used to understand the underlying 
mechanism of deformation behavior in Mg alloys [6, 12, 13, 14, 33-39]. Many of the 
previous crystal plasticity analyses on deformation behavior of Mg alloys focused on 
work-hardening behaviors. However, crystal plasticity models can also be used to 
examine the increase in the yield stress after stress reversal by annealing, and the role 
of back stresses investigated more quantitatively. However, to the best of our knowledge, 
such a study has not yet been conducted. Moreover, crystal plasticity analysis has not 
widely been used to discuss strain behavior, including the Lankford value. Wang et al. 
[40] predicted asymmetry in the Lankford value evolution between tension and 
compression and discussed its underlying mechanism. However, the evolution of the 
Lankford value during reverse loading has not been examined experimentally or 
theoretically. Hama et al. [6] reproduced the Lankford values under tension in a 
pre-compressed and virgin sheet fairly well using a crystal plasticity finite-element 
method and discussed the related deformation mechanism. However, the strain 
evolution was not examined, and the correlation between twinning and detwinning 
activities and the Lankford value was not discussed. 
In this study, stress and strain behaviors upon reverse loading from compression to 
tension in an AZ31 rolled Mg alloy sheet were investigated experimentally and using 
crystal plasticity finite-element simulations. Herein, the effect of twinning and 
detwinning activities on stress and strain behaviors, including yield stress, 
work-hardening, evolution of the Lankford value, and thickness strain, are discussed in 
detail. Electron backscatter diffraction (EBSD) was utilized to observe the 
microstructures, focusing on twinning and detwinning activities upon reverse loading. 
 
2. Experimental methods 
2.1 Materials 
A commercially rolled AZ31 Mg alloy sheet with a thickness of 1.0 mm (Osaka Fuji) 
was used in this study. Specimens with length and width of the gauge section of 53.5 
and 23 mm, respectively [2], were prepared along the rolling direction and annealed at 
350 °C for 1.5 h. Fig. 1 shows the pole figures of the initial material. The conditions of 
the EBSD measurement are outlined below. 
 
2.2 Experimental procedures 
In this study, two reverse loading tests were performed. In the first test, reverse 
loading from in-plane compression to tension was continuously performed. The 
experimental procedure followed that described in detail in previous studies [2, 15]. A 
small compressive force was applied through the thickness of a specimen during the test 
using comb-shaped dies [41] to suppress buckling during the compression. The 
through-thickness stress due to the compressive force was approximately 3% of the 
yield stress of the sample. The compressive force was maintained using a hydraulic 
pump for the duration of the test. Mineral hydraulic oil was used as a lubricant between 
the dies and specimens. The purpose of this test was to examine the work-hardening 
behavior during reverse loading from compression to tension. A strain gauge (Kyowa 
electronic instruments, KFEM) was used to measure strains in the loading direction.  
In the second test, after a specimen was subjected to compression to a prescribed 
strain, it was unloaded and removed from the experimental setup, including the 
comb-shaped dies. The specimen was then clamped and subjected to tension without 
using the comb-shaped dies. The purpose of this test was to measure the evolution of the 
Lankford value during tension in pre-compressed sheets. Thus, the sheet was unloaded 
at strain intervals of 1%. It should be noted that the dimensions of the pre-compressed 
sheet at the beginning of the tension test were used as the initial configuration when 
strains were measured. A strain gauge was used to measure the axial strain, lε , while 
a micrometer was used to measure the width strain, wε , after unloading. The Lankford 
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where tε  is the thickness strain. Using the abovementioned procedure, the Lankford 
value could only be measured at unloaded points. The initial strain rate was set to 6.67 
x 10-4 s-1. It should be noted that the trends in the stress-strain curve of the 
pre-compressed sheets remained unchanged regardless of the use of comb-shaped dies.  
For the EBSD measurement, the cross section normal to the rolling direction of the 
specimen was polished using a cross-section polisher prior to measurement. The step 
size was set to 0.45 µm. The OIM-Analysis 7.2.1 (TSL Solutions) software was used to 
analyze the inverse pole figure (IPF) maps and pole figures. It should be noted that the 
data were not taken into consideration if their confidence index was smaller than 0.1.   
 
3. Crystal plasticity finite-element method 
A crystal plasticity finite-element method program developed in-house by the 
authors was used in this study. The detailed formulation has been explained elsewhere 
[6, 14, 33-35], and a brief description is given here. To represent the plastic deformation 
of the Mg alloy sheet, basal<a> slip, prismatic<a> slip, pyramidal<c+a> slip, and 
{10-12} twinning were taken into consideration. The following rate-dependent 
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where ατ  is the resolved shear stress (RSS), 0γ& is the reference slip rate, m is the 
rate-sensitivity coefficient, and Y
ατ  is the slip resistance, whose evolution is given by 
Y
a q h βαβ
β
τ γ= ∑ && ,            (3) 
where qαβ  is the latent hardening matrix, and h denotes the rate of hardening and is 
given as follows 
0h h= ,             (4)                                     
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γ γ=∑ ∫ & ,        (5) 
where 0h  and τ∞  are the hardening parameters, and 0τ  is the CRSS. Following 
previous studies [6, 14, 33-35], Eq. (4) was used for basal<a> slip, whereas Eq. (5) was 
used for non-basal slip calculations.  
A twinning and detwinning model previously proposed by the authors was utilized. 
As in the case of slip activity, Eqs. (2), (3), and (4) were used to model the shear strain 
rate induced by twinning, twinαγ& . The volume fraction of twinning, f α , was used for the 
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where refγ  is the reference shear strain due to twinning. For the detail formulation, 
refer to cited literature [6, 14, 33-35]. 
The aforementioned crystal plasticity model was incorporated as constitutive 
equations into the static finite-element method and explicit time integration was 
employed. The representative volume element was a cube with 10 divisions in each 
direction, and 8-node solid elements with selective reduced integration were used. The 
length of each side of the volume element was 10 mm. The x, y, and z directions were 
identified to be the rolling, transverse, and normal directions, respectively. Plane 
symmetric boundary conditions were assigned to the planes x = 0, y = 0, and z = 0, 
whereas traction-free boundary conditions were assigned to planes y = 10 and z = 10. 
Small displacement increments were assigned to the nodes on the plane x = 10 to 
simulate monotonic and reverse loadings. The Green-Lagrange strain tensor was used 
to evaluate deformation. To evaluate the Lankford value in the pre-compressed sheets, 
the geometry of the representative volume element was initialized after the model was 
compressed and unloaded, mirroring the experimental conditions. Thus, the strains 
that occurred only during subsequent tension could be evaluated and more easily 
compared to the experimental results.  
The initial crystal orientation assigned to the 8 integration points in an element 
was identical. In this study, 1000 initial orientations were taken into consideration. The 
initial orientations were chosen in a random order from the results of the EBSD 
measurement. It should be noted that previous studies [33] have shown that this 
number of initial orientations was sufficient to investigate the macroscopic and 
mesoscopic deformation behavior of Mg alloy sheets. 
The material constants, hardening parameters, and latent hardening parameters 
used for the calculations are listed in Tables 1, 2, and 3, respectively. Following the 
parameter identification procedure described in detail in a previous report [6], the 
parameters were determined to reproduce the evolution of the Lankford value under 
tension and the stress-strain curves under monotonic tension, monotonic compression, 
and 4% compression followed by tension (Fig. 2).  
 
4. Experimental and simulation results 
In the following section, the stress and strain behaviors after stress reversal, i.e., 
during subsequent tension, are explained by experimental and simulation results. 
 
4.1 Work-hardening behavior  
Fig. 3 shows the stress-strain curves under reverse loading from compression to 
tension using various compressive strains, and Fig. 4 depicts the evolution of the 
work-hardening rate during subsequent tension. The well-known sigmoidal curves 
occur irrespective of compressive strain, i.e., after yielding, a plateau region occurs 
followed by a rapid increase in stress. The deformation until the peak gradient, Tg , 
which is indicated by a star mark in Fig. 4, is classified as the first stage, whereas the 
subsequent deformation is termed the second stage. However, the sigmoidal trend 
depends on the compressive strain, as reported previously [15]. Specifically, the plateau 
region tends to increase with compressive strain. On the other hand, the peak gradient, 
Tg , tends to decrease with increasing compressive strain. The simulation results 
predict these hardening behaviors fairly accurately, although the stress level in the 
second stage is underestimated for the 6%, 8%, and 10% cases. 
To examine the abovementioned behaviors more quantitatively, the peak gradient, 
Tg , and the amount of strain in the first stage, Tε , were evaluated (Fig. 4). The 
variations in Tg  and Tε  as a function of the absolute compressive strain are shown in 
Fig. 5. Tε  increases with the absolute compressive strain. Interestingly, the magnitude 
of Tε  determined experimentally is very close to that of the absolute compressive 
strain. In contrast, Tg  decreases with increasing absolute compressive strain. The 
simulation results of Tg  agree well with the experimental results. On the contrary, the 
simulation of Tε  agrees well with the experimentally determined values for the 2%, 4%, 
and 6% cases, while it underestimated the experimental results for the 8% and 10% 
cases. 
 
4.2 Yield stress 
As observed in the stress-strain curves under reverse loading, the yield stress in the 
subsequent tension is smaller than that of the monotonic tension. Previous studies [18, 
19, 21, 23] reported that the yield stress in the subsequent tension increased when the 
sheet was annealed after compression. Thus, the pre-compressed sheets were annealed 
at 160 °C for 12 h before being subjected to tension. This annealing condition was used 
to remove residual stresses and to reduce the dislocation density while maintain the 
microstructures, including twinned regions [42]. In the simulation, residual stresses 
were removed and Y
ατ s in Eq. (2) were initialized after the sheet was macroscopically 
unloaded from compression to imitate the annealing process, focusing on the effects of 
residual stresses and work-hardening. 
Fig. 6 shows the stress-strain curves of the annealed sheets. Compared to the 
results of the non-annealed sheet (Fig. 3), the yield stress increases, and a clear plateau 
region appears after annealing, consistent with previous studies. In contrast, the 
work-hardening behavior in the second stage was unaffected by the annealing process. 
Fig. 7 shows the relationship between the 0.2% proof stress and absolute compressive 
strain. The 0.2% proof stress is much larger in the annealed sheet than that in the 
non-annealed sheet, and the extent of the increase is nearly irrespective of compressive 
strain. These results suggest that the annealing significantly affects the 0.2% proof 
stress, while its effect on the subsequent deformation in the second stage is negligible. 
The simulation results are in qualitatively good agreement with those determined 
experimentally despite the smaller increase in the 0.2% proof stress compared with the 
experiment. It should be noted that the simulation results remained unchanged 
whether or not the Y
ατ s were initialized, suggesting that the increase in the 0.2% proof 
stress achieved in the simulation is primarily due to the removal of residual stresses. 
 
4.3 Evolution of the strain and Lankford value 
Fig. 8 shows the evolution of the absolute thickness strain during tension for the 4% 
case. The sheet was unloaded in strain intervals of 1%, and the thickness strain was 
evaluated after unloading. The thickness strain increases linearly as a function of 
tensile strain until a strain of approximately 3%, and then the rate of increase becomes 
slightly smaller. Interestingly, the rate of increase changes at the onset of the second 
stage, indicating that the thickness evolution is different between the first and second 
stages. A similar thickness strain evolution occurs irrespective of compressive strain, 
although the results are not shown here. A similar evolution was observed in the 
simulation, although the rate of increase in the second stage was underestimated.  
Fig. 9 shows the Lankford value evolution for various compressive strains. The 
Lankford value is relatively small and further decreases during the first stage. This 
may be because of the generation of the large thickness strain. Thereafter, the Lankford 
value increases during the second stage due to the decrease in the rate of increase of the 
thickness strain. Because the onset of the second stage is delayed with the increase in 
the compressive strain, the Lankford value decreases with increasing compressive 
strain, consistent with previous reports [6]. The simulation results also indicate a 
similar evolution, although in the simulation results the Lankford values were 
underestimated in the first stage and increase to a larger extent in the second stage 
than those experimentally determined, irrespective of the compressive strain. These 
discrepancies are likely due to the increasing rate of thickness strain being larger in the 
first stage and smaller in the second stage in the simulation compared to the 
experimental results (Fig. 8). 
 
5. Discussion 
In this section, the results described previously are discussed with respect to the 
simulation results. 
 
5.1 Work-hardening behavior 
In a previous study [15], the difference in sigmoidal trends depended on the 
compressive strain, and was assumed to be due to the difference in twinning and 
detwinning activities. Simulation results were used to support this hypothesis and to 
discuss the underlying mechanism in detail. The mesoscopic deformation behavior was 

























,           (7) 
where k is the number of systems of family i, n is the number of grains, and N is the 
number of all slip and twinning systems.  
The results obtained with compressive strains of 4% and 8% were used as 
representative examples. Fig. 10 shows the evolution of relative activities and the 
evolution of the 4% case (Fig. 10 (a)) can be explained as follows. The basal slip and 
twinning activities are dominant during compression, whereas after reverse loading the 
detwinning activity is pronounced until reaching an accumulated strain of 
approximately 7%. Thereafter, the detwinning activity decreases rapidly to zero, 
whereas the activity of the prismatic slip begins to increase. Clearly, the shift from 
detwinning-dominant to slip-dominant deformation is sharp. The second stage begins at 
an accumulated strain of approximately 8%, as indicated by the star mark, suggesting 
that the sharp shift in deformation mode results in an equally sharp sigmoidal curve. 
The aforementioned twinning and detwinning behaviors are consistent with the results 
of the IPF maps shown in Fig. 11. Namely, twinned regions are pronounced at an 
accumulated strain of 4%, but become smaller as the tensile deformation progresses. 
Eventually, the twinned regions become negligible at strains of 7% and 10%.  
The strain evolution for the 8% case (Fig. 10 (b)) is significantly different from that 
of the 4% case. During compression, the twinning activity begins to decrease gradually 
at an accumulated strain of approximately 3%. Thus, in the latter stage of compression, 
basal slip and twinning in addition to prismatic slip and pyramidal<c+a> slip are active. 
After reversing the loading direction, detwinning activity is pronounced in the initial 
stage, similar to the 4% case (Fig. 10 (a)) and remains stable until an accumulated 
strain of approximately 11%, when it subsequently decreases. However, the decreasing 
rate is more gradual and much larger strain is necessary for detwinning activity to 
reach zero compared to the 4% case. Therefore it can be concluded that twinning and 
prismatic slip are already active before the detwinning activity reaches zero. Clearly, 
the shift from the detwinning-dominant to slip-dominant deformation is more gradual 
in the 8% case than that in the 4% case. Detwinning evolution is consistent with the 
microstructure evolution shown in Fig. 12. Many twinned regions remain at an 
accumulated strain of 13% and the crystal orientations remain dispersed. Moreover, 
twinned regions remain at an accumulated strain of 15%. This suggests that the 
sigmoidal curve becomes less pronounced with increasing compressive strain because 
the deformation mode shift becomes more gradual, supporting the hypothesis of the 
previous study [15].  
It should be noted that the simulation results tended to overestimate the twin 
fraction for the 4% and 8% cases, as shown in Fig. 13, although the evolution is 
qualitatively in good agreement with the experimental results for both cases. Moreover, 
the Tε  is smaller in the simulation than in the experiment under large compressive 
strains (Fig. 5). These results suggest that the twinning and detwinning model can be 
further improved, and will be the focus of our future work.  
  
5.2 Yield stress 
The increase in the 0.2% proof stress by annealing can be attributed to several 
factors. Recently, Cui et al. [23] qualitatively discussed the effects of back stress, which 
is generated near twin boundaries, and friction stress, which is affected by various 
factors such as solute concentration, precipitates, and ordered segregation of solute 
atoms in twin boundaries [43,44]. Because residual stresses notably affect the 0.2% 
proof stress in the subsequent tension, as observed in the simulation results (Figs. 6 and 
7), their effect on the 0.2% proof stress can be examined in detail using crystal plasticity 
analysis. 
To investigate the effect of removing residual stresses on mesoscopic deformation, 
Fig. 14 shows the evolution of the relative activities during the subsequent tension for 
the 4% case. Fig. 14 (b) compares the initial relative activities, designated by the broken 
line in Fig. 14 (a), between the non-annealed and annealed sheets. It should be noted 
that in Fig. 14 (b) only the results of the basal slip and detwinning are shown because 
the activities of other slip systems are initially negligible for both cases. Compared to 
the non-annealed sheet (Fig. 10 (a)), the overall evolution is nearly independent of the 
annealing process, while the detwinning activity differs (Fig. 14 (b)). The detwinning 
activity increases from the beginning in the non-annealed sheet, while in the annealed 
sheet detwinning is not active until a strain of approximately 0.0015, where its activity 
increases rapidly. This difference in the detwinning activity is consistent with previous 
experimental observations [21,23]. In contrast, subsequent activities are nearly 
independent of annealing. Although the detailed results are not given here to avoid 
redundancy, the microstructure observation of the annealed sheet showed that the 
evolution of detwinning at high strains was also nearly independent of annealing, 
consistent with the simulation. Clearly, initial detwinning activity of subsequent 
tension is significantly affected by residual stresses, suggesting they play a significant 
role as back stresses to detwinning.  
To quantitatively discuss how the residual stresses affect detwinning activity, Fig. 
15 shows the histograms of RSS for active twinning systems in the 4% case. Before 
unloading, the RSSes are ≥40 MPa in most of the active twinning systems (Fig. 15 (a)) 
due to the fact that the initial CRSS of twinning was set to 40 MPa. After the sheet was 
macroscopically unloaded, nearly 30% of the active twinning systems possess negative 
RSSes (Fig. 15 (b)), because of mesoscopically non-uniform deformation. These negative 
RSSes after unloading likely act as back stresses to detwinning during the subsequent 
tension, which is consistent with the experimental results obtained using in-situ 
neutron diffraction measurements [18]. Moreover, similar back stresses also appear for 
the basal slip systems, as previously discussed in the literature [33]. It is likely that 
these back stresses eventually result in early yielding in the subsequent tension. 
As previously mentioned, the increase in the 0.2% proof stress obtained by 
simulation is smaller than that of the experimentally determined values. This 
discrepancy is likely due to only considering the effect of mechanical residual stresses, 
while other factors such as precipitation and segregation of solute atoms [23] were not 
considered.  
 
5.3 Evolution of the strain and Lankford value 
Because of the strong basal texture of the Mg alloy sheet, it is reasonable to assume 
that detwinning primarily affects the thickness strain. Therefore, the effect of 
detwinning activity on the strain evolution during reverse loading is discussed in 
relation to the simulation results. To examine the correlation between detwinning 
activity and thickness strain evolution quantitatively, the evolution of the zz 
components (normal components in the thickness direction) of the plastic part of the 
velocity gradient tensor L, pzzL , were evaluated. They were given in the form 
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where sα and mα denote the unit vectors representing the slip direction and slip plane 
normal of the α slip/twinning system, respectively, and N denotes the number of slip 
and twinning systems. pzzL  was further decomposed into components contributed by 
the slip p slipzzL and twinning 
p twin
zzL as follows 
p p slip p twin
zz zz zzL L L= + ,           (9) 
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where Nslip and Ntwin denote the numbers of slip and twinning systems, respectively; 
thus, slip twinΝ N N= +  is true. Note that the averages of all integration points were used 
to evaluate pzzL . 
Fig. 16 (a) shows the evolution of the p slipzzL  and 
p twin
zzL  values during the 
subsequent tension for the 4% case. The evolution of the absolute thickness strain is 
also shown. In the first stage, both slip and twinning activities contribute to the 
thickness strain, and the magnitude of p twinzzL  is larger than that of 
p slip
zzL . In contrast, 
in the second stage, p slipzzL  is similar to that of the first stage, while 
p twin
zzL  becomes 
almost negligible due to the detwinning activity reaching almost zero. These results 
suggest that thickness strain is contributed to by both slip and detwinning in the first 
stage, whereas only slip activity contributes in the second stage. Thus, the increasing 
rate of thickness strain is smaller in the second stage compared to that in the first stage. 
Moreover, these results indicate that, under these conditions, more than 50% of the 
thickness strain can be explained by detwinning activity in the first stage.  
For the 8% case (Fig. 16 (b)), the evolution of p slipzzL  and 
p twin
zzL  in the first stage is 
similar to that of the 4% case, which results in the similar increasing rate of thickness 
strain between that of the 4% and 8% cases. In contrast, the evolution observed in the 
second stage is notably different from that of the 4% case. The magnitude of the p slipzzL  
value is much larger than that of the first stage and the 4% case. This large p slipzzL  
presumably occurs because many twinned regions remain in the second stage and the 
crystal orientations remain dispersed (Figs. 12 and 13). Therefore, various slip activities 
can contribute to the thickness strain. In addition, p twinzzL  is much smaller than 
p slip
zzL  
and becomes positive because the twinning activity is larger than the detwinning 
activity in the second stage (Fig. 10 (b)). The abovementioned results show that the 
larger p slipzzL  value in the second stage yields larger thickness strain for the 8% case. 
Thus, the increasing rate of thickness strain in the second stage is larger for the 8% case 
than for the 4% case, and a smaller Lankford value is obtained for the 8% case. 
 
6. Conclusions 
In this study, a compression-tension test was performed using a rolled AZ31 
magnesium alloy sheet to study the effects of twinning and detwinning on the stress 
and strain behaviors. A crystal plasticity finite-element method was used to discuss the 
deformation mechanism. The conclusions of this study can be summarized as follows. 
 
(1) During subsequent tension, the yield stress is quite small and a sigmoidal curve is 
observed. These stress behaviors are independent of compressive strain, while the 
sigmoidal curve becomes less pronounced as the compressive strain increases. The yield 
stress increases when the sheet is annealed prior to reverse loading, irrespective of 
compressive strain. The Lankford value during subsequent tension is relatively small 
and further decreases in the first work-hardening stage, while it increases in the second 
stage. The Lankford value decreases with increasing compressive strain. It was also 
shown that the crystal plasticity analysis predicts the abovementioned stress and strain 
behaviors fairly accurately. 
 
(2) The simulation results show that the shift from detwinning-dominated to 
slip-dominated deformation becomes more gradual as the compressive strain increases. 
Thus, the sigmoidal curve becomes less pronounced with increasing compressive strain.  
 
(3) The simulation results show that, in the case of 4% compression followed by tension, 
approximately 30% of the active twinning systems have negative resolved shear 
stresses after macroscopic unloading of the sheet. It is likely that these negative 
stresses support the detwinning activity during subsequent tension as back stresses, 
which results in small yield stress in subsequent tension, and thus, the yield stress 
increases when the sheet is annealed before reverse loading. 
 
(4) By analyzing the plastic part of the velocity gradient tensor, it is suggested that in 
the case of 4% compression followed by tension the thickness strain is composed of both 
slip and detwinning activities in the first work-hardening stage. Conversely, only slip 
activity contributes toward the thickness strain in the second stage. Thus, the thickness 
strain increases to a larger extent in the first stage compared to the second stage. This 
difference in the thickness strain evolution results in a large difference in the Lankford 
values between the first and second stages. Under these conditions, more than 50% of 
thickness strain can be explained by detwinning in the first stage. 
 
It should be noted that the texture change during the deformation would also affect the 
stress and strain behaviors. For instance, the effects of slip and twinning activities in 
the twinned regions on the stress and strain behaviors were examined by using crystal 
plasticity simulations in our previous study [6]. The simulation results showed that 
their effects on the stress and strain behaviors after stress reversal were not negligible, 
especially in the stress-strain response. Detailed investigation on the effect of texture 
change will be conducted in our future work. 
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Figure captions 
Fig. 1 Initial pole figures of the material used in experiment.  
Fig. 2 Experimental and simulation results of (a) the stress-strain curves under tension, 
compression, and reverse loading, and (b) evolution of the Lankford value. 
Fig. 3 Stress-strain curves under reverse loading with different compressive strains. 
Results are shown for the compressive strains of (a) 2%, 4%, and 6%, and (b) 8% and 
10%. 
Fig. 4 Evolution of the work-hardening rate during subsequent tension. Results are 
shown for the compressive strains of (a) 2%, 4%, and 6%, and (b) 8% and 10%. The Tε  
and Tg values are defined as the point where the peak gradient occurs, and denoted by 
the star mark. 
Fig. 5 Variations of Tg  and Tε  as functions of absolute compressive strain measured 
in Fig. 4. Circles and triangles denote Tg  and Tε , respectively. Solid and open marks 
denote the simulation and experimental results, respectively. 
Fig. 6 Stress-strain curves after stress reversal obtained using non-annealed and 
annealed sheets. The compressive strains are (a) 2% and 4%, and (b) 6% and 8%. Solid 
and broken lines denote simulation and experimental results, respectively. 
Fig. 7 Relationship between the 0.2% proof stress during subsequent tension and 
absolute compressive strain. 
Fig. 8 Evolution of the absolute thickness strain during tension. The compressive strain 
was 4%. Solid and broken lines denote the simulation and experimental results, 
respectively. 
Fig. 9 Evolution of the Lankford value during subsequent tension. Results are shown for 
the compressive strains of (a) 2% and 4% and (c) 6% and 8%. 
Fig. 10 Evolution of the relative activities during reverse loading with compressive 
strains of (a) 4% and (b) 8%. The peak gradient occurs at strains denoted by star marks. 
Fig. 11 IPF maps of (a) initial sheet and pre-compressed sheets with compressive strain 
of 4% measured at accumulated strains of approximately (b) 4%, (c) 5%, (d) 7%, and (e) 
10%. The result of initial sheet corresponds to the pole figure shown in Fig. 1. 
Fig. 12 IPF maps measured on a pre-compressed sheet with compressive strain of 8%. 
Results are measured at accumulated strains of approximately (a) 10%, (b) 11%, (c) 13%, 
and (d) 15%. 
Fig. 13 Evolution of the twin fraction. Solid lines and symbols denote the simulation and 
experimental results, respectively. 
Fig. 14 Evolution of relative activities during subsequent tension for the annealed sheet 
with compressive strain of 4%. Strain ranges are (a) from 0% to 10% and (b) from 0% to 
1%. In (b), only the results of basal and detwinning are shown, and results of the 
non-annealed sheet are also shown. 
Fig. 15 Histograms of the resolved shear stress of active twinning systems. Results were 
measured at a compressive strain of 4% (a) before unloading and (b) after unloading. 
Fig. 16 Evolution of p twinzzL  and 
p slip
zzL  for compressive strains of (a) 4% and (b) 8%. 
Circles and triangles denote p twinzzL  and 
p slip
zzL , respectively, and the broken line is the 
absolute thickness strain. 
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Table 2 Hardening parameters used in the simulation 
Table 3 Latent hardening parameters used in the simulation 
 
 
Table 1 Material constants used in the simulation 
E /GPa ν m 0γ& /s-1 refγ  



































Table 2 Hardening parameters used in the simulation 
    Basal Prismatic Pyramidal <c+a> Twinning Detwinning 
  /MPa 25 95 100 40 35 
  /MPa - 230 190 - - 



































Table 3 Latent hardening parameters used in the simulation 
  Basal Prismatic Pyramidal <c+a> Twinning 
Basal 0.2  0.5  0.5  0.25  
Prismatic 0.2  0.2  0.5  0.25  
Pyramidal <c+a> 1.0  1.0  0.2  2 

































































































Fig. 2 Experimental and simulation results of (a) the stress-strain 
curves under tension, compression, and reverse loading, and (b) 










































































Fig. 3 Stress-strain curves under reverse loading with different 
compressive strains. Results are shown for the compressive 










































































Fig. 4 Evolution of the work-hardening rate during subsequent 
tension. Results are shown for the compressive strains of (a) 2%, 
4%, and 6%, and (b) 8% and 10%. The Tε  and Tg values are 
defined as the point where the peak gradient occurs, and denoted 
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Fig. 5 Variations of Tg  and Tε  as functions of absolute 
compressive strain measured in Fig. 4. Circles and triangles 
denote Tg  and Tε , respectively. Solid and open marks denote the 
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Fig. 6 Stress-strain curves after stress reversal obtained using 
non-annealed and annealed sheets. The compressive strains are 
(a) 2% and 4%, and (b) 6% and 8%. Solid and broken lines denote 
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Fig. 7 Relationship between the 0.2% proof stress during 



















0 0.02 0.04 0.06 0.08 0.1






























Fig. 8 Evolution of the absolute thickness strain during tension. 
The compressive strain was 4%. Solid and broken lines denote the 
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Fig. 9 Evolution of the Lankford value during subsequent tension. 
Results are shown for the compressive strains of (a) 2% and 4% 
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Fig. 10 Evolution of the relative activities during reverse loading 
with compressive strains of (a) 4% and (b) 8%. The peak gradient 
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Fig. 11 IPF maps of (a) initial sheet and pre-compressed sheets 
with compressive strain of 4% measured at accumulated strains 
of approximately (b) 4%, (c) 5%, (d) 7%, and (e) 10%. The result of 





































Fig. 12 IPF maps measured on a pre-compressed sheet with 
compressive strain of 8%. Results are measured at accumulated 
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Fig. 13 Evolution of the twin fraction. Solid lines and symbols 
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Fig. 14 Evolution of relative activities during subsequent tension 
for the annealed sheet with compressive strain of 4%. Strain 
ranges are (a) from 0% to 10% and (b) from 0% to 1%. In (b), only 
the results of basal and detwinning are shown, and results of the 
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Fig. 15 Histograms of the resolved shear stress of active twinning 
systems. Results were measured at a compressive strain of 4% (a) 






























































Fig. 16 Evolution of p twinzzL  and p slipzzL  for compressive strains of 
(a) 4% and (b) 8%. Circles and triangles denote p twinzzL  and p slipzzL , 
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